In this study, the room-temperature oxidation behaviors of three Ca-based bulk amorphous alloys, Ca 65 Mg 15 Zn 20 , Ca 50 Mg 20 Cu 30 , and Ca 55 Mg 18 Zn 11 Cu 16 , were examined under normal flowing laboratory air and compared with the oxidation behaviors of these alloys in the crystalline form under identical conditions. The degree of oxidation for alloys in the amorphous and crystalline conditions was investigated by periodically measuring the mass change over the oxidation time. From the results of the oxidation mass change, and oxide thickness measurements obtained from scanning-electron-microscopy (SEM) studies, it was determined that the Ca 55 Mg 18 Zn 11 Cu 16 BMG possessed the most favorable oxidation resistance, followed closely by the Ca 50 Mg 20 Cu 30 BMG, with the Ca 65 Mg 15 Zn 20 BMG having the least favorable oxidation resistance. The trend in glass-forming abilities of the three compositions follows the same trend as the oxidation resistance in the three alloys. In all cases, the oxidation resistance of the amorphous alloys was superior to the oxidation resistance of the same alloys in the crystalline state.
Introduction
An increased interest in bulk-metallic glasses (BMGs) has recently developed, leading to BMGs in many systems. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] This interest is due to the importance of BMGs in theoretical study and industrial/engineering applications 1, 3, 5, 11, 12) as they exhibit unique, often superior properties, as compared with their crystalline counterparts.
1,2,5,7-9,13-33) Favorable BMG properties are: high strength, fracture toughness, wear and corrosion resistance; 1, 8, 9, 14, [16] [17] [18] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] low modulus, magnetic energy loss, etc.; good impact toughness, formability, and fatigue limits; high hardness, ductility in compression, etc.. 1, [16] [17] [18] 20, 34, 35) Improved BMG properties are due to a lack of grain boundaries, microstructures, long-range order, etc., and inherent structural and chemical homogeneities. 13, 14, 16, [18] [19] [20] 38, 39) BMGs are considered for structural, corrosion-resistant, biomedical/dental applications, 1, 8, [16] [17] [18] 20, 36, 40) as well as die, tool, cutting, electrode, optical-precision, hydrogen-storage, composite, writing, bonding, and acoustic materials, sporting goods, springs, gears, etc.. [1] [2] [3] 8, 18, 30, 41) Most BMG research has been conducted on mechanical, 1, 2, 17, 18, 20, 35) aqueous corrosion, 1, 6, 16, 19, 34) thermal stability and glass-forming ability properties. [1] [2] [3] [4] [5] 7, 9, 12) Research on oxidation properties is rare, and has been almost entirely confined to Zr-based BMGs. 11, [13] [14] [15] 38, 42, 43) A new family of relatively inexpensive BMGs in the Ca-based system that exhibit low density 6) and favorable thermal stabilities and glass-forming abilities 3, 5) was identified recently. [2] [3] [4] [5] [6] [7] Oxidation studies on these materials are non-existent in the literature. The objective of this research is to study and compare the oxidation behavior of three Ca-based BMGs and their crystalline counterparts under normal flowing laboratory air at room temperature.
Experimental Procedures

Material Preparation
Three compositions of Ca-based BMG alloys were produced by induction-melting pure elements (99.9%) in a water-cooled copper crucible under an argon atmosphere. An induction re-melting procedure was carried out using a quartz crucible with a 2 mm diameter hole at the bottom. The molten metal was injected through the hole into a water-cooled, copper mold with a rectangular cavity of 15 mm Â 15 mm Â 4 mm. The nominal compositions in atomic percent (at%) were: Ca 55 30 .
The oxidation behavior of each amorphous alloy was compared with that of its crystalline counterpart. Thus, a casting of each alloy was cut approximately in half using a diamond saw. Half of each alloy was sealed in a quartz tube that was evacuated, and filled with argon. The specimens sealed in the quartz tubes were then subjected to a heat treatment of approximately 300 C for around 30 minutes to induce crystallinity.
The heat-treated specimens were removed from the quartz tubes and polished along with their amorphous counterparts. The polishing procedure consisted of a successive polish from 400 to 800 to 1,200 grit dry polish, followed by a polish on a micro-cloth wheel using a 1-mm oil-base diamond suspension, which was followed by a 0.25-mm oil-base diamond suspension on a new micro-cloth wheel. Each specimen was rinsed with acetone and ultrasonically cleaned for 5 minutes in acetone.
Material Characterization
X-ray diffraction was performed using CuK radiation from a wide-angle x-ray diffractometer to confirm the amorphous/crystalline nature of each specimen. Specimens were also subjected to scanning-electron microscopy/energy-dispersive spectroscopy (SEM/EDS) analyses at an accelerated voltage of 20 keV to characterize changes in surface morphologies and compositions due to oxidation. Atomic percentages of oxygen in the EDS analyses were measured directly.
Oxidation Mass Gain Measurements
Specimen dimensions were measured with a micrometer. Porcelain crucibles were used to collect oxide spallation. Initial mass values of each specimen, its crucible, and the combination of specimen and crucible were recorded using a microbalance with a 0.01 mg precision and a 0.02 mg repeatability value. The specimens were then subjected to normal, flowing laboratory air at room temperature. The change in mass of each specimen, crucible, and combination were periodically recorded in order to determine a rate of mass change due to oxidation over time.
Additional amorphous specimens were oxidized in air at room temperature for 14 months. These specimens were then sectioned and mounted in epoxy at room temperature (without heating, to prevent crystallization). These crosssections were polished using a diamond slurry, ultrasonically cleaned in acetone, and coated with a carbon layer to improve conductivity. These layers also prevented further oxidation of the freshly polished surfaces. SEM of the samples was conducted at an accelerating voltage of 20 kV, and an electron current of 1.0 pA, using secondary and backscatter electron-diffraction, allowing for the determination of average thickness values of the oxides.
Results and Discussion
X-ray Diffraction Results
X-ray diffraction patterns for the as-cast specimens are presented in Fig. 1 . The presence of broad halos coupled with the absence of sharp diffraction peaks suggests that the specimens were amorphous within the limits of resolution of the X-ray diffractometer. The X-ray diffraction patterns for specimens after the crystallization heat treatment are presented in Fig. 2 . The amorphous halos were absent; while several sharp peaks were present for each scan. This trend indicates that the heat treatment was successful in inducing crystallinity in the desired specimens. 
Oxidation-Mass Changes
The dependences of net mass change due to oxide formation per unit surface area, W, on the oxidation time, t, are presented in Figs show them in coordinates W 2 vs. t. For each alloy, oxidation mass gain occurred at a faster rate in the crystalline condition than it did for the amorphous condition. This trend indicates that the amorphous specimens were more oxidation resistant than their crystalline counterparts. The differences in the total oxidation rates of the amorphous and crystalline specimens are presented in Fig. 6 . The difference in oxidation rate was greatest in the Ca 65 Mg 15 Zn 20 alloy, where the crystalline specimen oxidized at a rate that was around four times faster than its amorphous counterpart. The difference in oxidation rate between crystalline and amorphous specimens was a factor of about two in the Ca 55 
If oxidation follows this equation, the implication is that the rate-determining step for the oxidation reaction is a gas-metal interface reaction. 14, 42) On the other hand, the oxidation kinetics of the crystalline quaternary Ca 55 Mg 18 Zn 11 Cu 16 alloy (see Fig. 5 (b)) were better described by a parabolic dependence:
This equation is valid when solid-state diffusion is the rate-determining step for the oxidation reaction. 11, 14, 15, 38, 42) Zr-based BMGs usually follow this oxidation-rate law. 11, 14, 15, 38, 42, 43) In eqs. (1) and (2), k 1 and k 2 are, respectively, linear and parabolic oxidation-rate constants, and c 1 and c 2 are constants determined by experiment, which reflect the abrupt oxidation of juvenile surfaces during early stages of the oxidation experiment or a change in the mechanism of oxidation (for example, from a linear to a parabolic one). When the alloys were in the amorphous state, their oxidation kinetics, illustrated in Figs. 3-5(a)-(b) could be well described by a linear time dependence, eq. (1), during the first 600 hours of oxidation. However, at longer oxidation times, the oxidation rate decreased, and the oxidation kinetics were better described by a parabolic dependence, eq. (2). The values of the oxidation kinetic constants, k 1 and k 2 , for the alloys in the crystalline and amorphous states are given in Table 1 . The values c 1 and c 2 were zero for all alloys, except Ca 50 Mg 20 Cu 30 , for which c 1 ¼ 1:9 Â 10 À2 mg/cm 2 in the crystalline condition and c 2 ¼ 1:
À3 mg/cm 2 in the amorphous condition.
The linear time dependence of a specimen mass gain during oxidation, eq. (1), is an indication that the ratedetermining step for the oxidation reaction is a gas-metal interface reaction. 14, 42) This situation generally occurs when the surface oxide has a smaller volume than the volume of the alloy from which it forms and, therefore, it is unable to form a continuous passive layer and retard further oxidation of the substrate alloy. On the other hand, if the same (or larger) volume of the surface oxide is formed as the volume of the alloy participating in the reaction, a free-of-cracks surface oxide film may form, which protects the alloy from direct contact with gaseous oxygen. In this case, diffusion through the oxide layer becomes the rate-controlling process, the oxidation rate decreases, and the oxidation-induced mass gain follows the parabolic dependence on the oxidation time, [44] [45] [46] eq. (2). The transition of the alloy oxidation from a linear to a parabolic time dependence can be described by the PillingBedworth ratio (PBR), which is determined as the ratio of the metal oxide volume produced by the reaction with oxygen, to that of the metal consumed. 44, 46, 47) Metals of engineering interest, such as Cu, Zn, and Al, generally have PBR-values that are greater than unity, 46) while PBR values for Ca and Mg are less than unity, i.e. 0.64 and 0.8, [44] [45] [46] respectively. It is known that metals with PBR-values less than unity cannot maintain protective oxides. 44) The specific volume of an alloy in the amorphous state is always higher than that of the same alloy in the crystalline state. 1, 48, 49) Therefore, the PBR of the crystalline alloy should be higher than that of the amorphous alloy, if the same surface oxides are formed in both cases. The PBR criterion should therefore predict a better oxidation resistance for the crystalline alloy. This statement is contradictory to both the expectation of the amorphous alloys to demonstrate properties that are superior to those of their crystalline counterparts, [13] [14] [15] 19, 38) and the results of the current work. However, different oxides may form on the surfaces of crystalline and amorphous alloys. Indeed, glass-forming alloys generally contain a high atomic fraction of solute elements, and in the crystalline state, they contain several phases with different chemistries. Therefore, different oxides with different PBR values may form on the free surfaces of the constitutional crystalline phases. On the other hand, the alloying elements are distributed homogeneously inside the amorphous phase. Thus, the surface oxidation of the amorphous phase should lead to a spontaneous formation of complex oxides or a Fig . 6 Bar chart comparing the average oxidation rates of specimens of each of the three compositions in the amorphous and crystalline conditions over a duration of $1;125 hours. Table 1 Linear, k 1 , and parabolic, k 2 , oxidation-rate constants as calculated from Equations (1) and (2) for Ca-based alloys in the amorphous and crystalline conditions. Oxidation occurs in air at room temperature for $ 1;125 hours. 45) and 0.8, [44] [45] [46] respectively), and thus, are suspected of being unable to maintain protective oxide films. 44) These phases would therefore have higher oxidation rates, which would probably control the overall oxidation of the crystalline Ca 65 Mg 15 Zn 20 . The Ca 50 Mg 20 Cu 30 alloy in an equilibrium condition also contains three crystal phases, i.e., Ca 2 Cu, CaMg 2 , and Ca.
52) The peak-indexing results for this specimen revealed that these phases as well as CaCu are indeed present. High oxidation rates of the CaMg 2 and Ca were probably responsible for the overall linear oxidationtime dependence of this alloy in its crystalline state.
The crystalline Ca 55 Mg 18 Zn 11 Cu 16 followed parabolic oxidation kinetics [eq. (2)], which indicates the formation of a passive oxide layer. The presence of CaMg 2 , Ca 5 Zn 3 , Ca 2 Cu, and Ca 5 Cu 3 Zn 2 phases were revealed by X-ray diffraction. The improved oxidation resistance of this alloy, as opposed to the two ternary alloys, may be due to a smaller volume fraction of CaMg 2 and absence of the Ca phase. It is evident, that the simultaneous presence of Zn and Cu improved the oxidation resistance of the Ca-based alloys. This phenomenon may be due to the formation of Zn-and Cu-based oxides.
It is worthwhile to mention that the trend in oxidation resistance was the same as that for glass-forming ability for the three alloys. Glass-forming ability values were obtained by comparing maximum amorphous thickness values of the three alloys with results obtained by using previously acquired differential-scanning calorimetry (DSC) data obtained at a heating rate of 20 K/min. into several glassforming ability equations from the literature. [1] [2] [3] [4] [5] 9, 12, 53, 54) The results of these calculations appear in Table 2 .
Initially, the oxidation of the amorphous Ca-based alloys followed linear oxidation kinetics, and later switched to a parabolic dependence [see Figs. 3-5(a)-(b) ]. The first stage of the oxidation of the amorphous alloys is likely controlled by the formation of Ca-and Mg-based oxides, which would lead the sub-surfaces of these specimens to become enriched with Zn and Cu. The subsequent formation of Zn-and Cubased oxides on the specimen surfaces should lead to the formation of passive oxide layers, which causes the oxidation process to go from an air-metal-interface reaction to an oxygen-diffusion-controlled mechanism. The simultaneous presence of both Cu and Zn probably lead to the formation of a complex oxide with a higher PBR value.
SEM/EDS Results
The EDS analyses revealed that the Ca 55 Mg 18 Zn 11 Cu 16 oxidation products possessed around 55 (at%) oxygen in the amorphous case and around 42-44 (at%) oxygen in the crystalline case. The differing amounts of oxygen suggest the formation of different oxides on the amorphous and crystalline samples. The oxidation products of the Ca 50 Mg 20 Cu 30 specimen, in both the amorphous and crystalline conditions, contained almost the same amounts of oxygen, around 59-61 (at%). Similarly, the oxides formed on the Ca 65 Mg 15 Zn 20 alloy in the amorphous and crystalline samples contained almost the same amounts of oxygen, around 71-72 (at%).
In the SEM studies, it was determined that the surfaces of most of the specimens were uniform except for the presence of porosity (Fig. 7) , which were infrequent artifacts for most specimens. However, the amorphous Ca 65 Mg 15 Zn 20 specimen contained significantly more pores than the other specimens. These pores were observed in the un-oxidized state as well, so they do not result from oxidation alone.
At the time of the SEM analyses, both of the Ca 65 -Mg 15 Zn 20 specimens along with the Ca 50 Mg 20 Cu 30 -crystalline specimen had developed dark black oxide layers that covered the entire surface area of the specimens. The Ca 55 Mg 18 Zn 11 Cu 16 specimens had developed thin gray layers that covered the majority of their surface areas. The Ca 50 Mg 20 Cu 30 -amorphous specimen had developed a spotty, dark oxide layer that covered the majority of its surface area, leaving a hazy gray layer for the remaining surface area. Figure 8 is an SEM image taken on the border of the dark and light portions of the oxide layer. An EDS scan revealed that the darker layer contained about 3.3 (at%) more oxygen than the lighter layer. Figure 9 illustrates a cracked and partially spalled portion of the oxide layer on the surface of the Ca 65 Mg 15 Zn 20 -crystalline specimen. This specimen demonstrated the least amount of oxidation resistance, and thus, the greatest amount of damage due to oxidation. Indeed, it is the only specimen that demonstrated a noticeable degree of oxide spallation, which is commonly associated with more severe oxidizing conditions. Figure 10 shows SEM images in the (a) secondaryelectron (SE) imaging and (b) backscatter-electron (BSE) imaging modes of a polished cross-section of a Ca 55 Mg 18 -Zn 11 Cu 16 -amorphous specimen after holding in air for 14 months. The oxide layer was around 0.60-0.70 mm in thickness with an average thickness of around 0.63 mm. The oxide formed a columnar structure with no visible cracks. The uneven contrast on the SE image in Fig. 10(a) is due to the carbon coating, which is used to enhance the conductivity of the sample after it has been mounted in the nonconductive epoxy. The carbon layer is invisible in the BSE image of Fig. 10(b) . Figure 11 reveals (a) SE and (b) BSE images of the polished cross-section of a Ca 65 Mg 15 Zn 20 -amorphous specimen that had been held in air for 14 months. The small particles that are visible in Fig. 11(a) are artifacts of the carbon coating, which was used to enhance the conductivity of the sample mounted after it has been mounted in the nonconductive epoxy. The carbon layer is invisible in Fig. 11(b) . An oxide layer of around 5.5-mm thickness was present on the free surface of the specimen. Figure 12 demonstrates (a) secondary-electron and (b) backscatterelectron images of a polished cross-section of a Ca 50 Mg 20 -Cu 30 -amorphous specimen held in air for 14 months. An oxide layer with uneven thickness varying from 0.5 to 1.0 mm with a calculated average thickness of about 0.73 mm was present on the free surface of the specimen. Table 3 
Additional SEM/Oxide Thickness Results
